The purpose of this study was to evaluate the relationship of long-term concentrations of ambient air pollutants and risk of incident lung cancer in nonsmoking Caifornia adults. A cohort study of 6,338 nonsmoking, non-Hispanic, white Califorian adults, ages 27-95, was followed from 1977 to 1992 for newly diagnosed cancers. Monthly ambient air pollution data were interpolated to zip code centroids according to home and work location histories, cumulated, and then averaged over time. The increased relative risk (RR) ofincident lung cancer in mdes associated with an interquartile range (IQR) increase in 100 ppb ozone (03) (RR m 
hbp://epnetl.niVbs.niE.go/ dgoes/ 998/106p813-823beesonlabsAraa.btmnl Lung cancer has many etiological factors. Among nonsmokers, lung cancer mortality has been rising (1) . The relationship between lung cancer and tobacco, asbestos, arsenic, radon and other radioactive materials, nickel compounds, chromates, and several other airborne chemicals (e.g., benzo[a]pyrene, benzene), are fairly well established, even though many issues are unresolved concerning dose-response functions, mechanisms of action, and environmental standards (2) (3) (4) (5) (6) . Although lung cancer mortality has been studied, the relationship between chronic levels of ambient air pollution (especially the gaseous components) and human lung cancer incidence has not been adequately described in the literature (7) . Ozone (03) in the troposphere (0-15 km), the major oxidizing component in photochemical smog, can have various adverse health effects (8, 9) . A review by Witschi (10) (11) (12) (13) . Positive associations between lung cancer mortality and ambient concentrations of respirable particulates (PM10) and SO2 as products of combustion have been observed .
To our knowledge, the Adventist Health Study on Smog (AHSMOG) is the first study to evaluate a positive relationship between long-term cumulative ambient 03 levels and newly diagnosed respiratory cancer in humans (18) . Estimated PMIO concentrations were not available for the cohort at that time. Although the ozone-incident respiratory cancer association was elevated [relative risk (RR) 2.25, 95% confidence interval (CI), 0. 96-5.31 ], this result was based on only 17 cases and 6 years of follow-up. Cancer incidence ascertainment on this cohort has recently been extended to 15 years, resulting in a total of 36 incident cases of lung cancer. In this study we investigated the relationship between incident lung cancer (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) and cumulated levels of ambient PM1O, SO2, NO2, and 03 since 1973.
Methods
Population. The AHSMOG study has been described in detail previously (18) (19) (20) . In April 1977, 6 ,338 nonsmoking, nonHispanic, white Seventh-day Adventist (SDA) adult residents of California were enrolled in a prospective cohort study to ascertain long-term chronic health effects of ambient air pollutants. The study participants, ages 27-95 at baseline, were part of the Adventist Health Study (AHS) (21) . Sixty-four percent of the subjects were female. Inclusion criteria were 1) having lived 10 years or longer within 5 miles of their residence at time of enrollment; 2) residing in one of the three California air basins of San Francisco, South Coast (Los Angeles and eastward), or San Diego; or 3) being part of a 10% random sample ofAHS study subjects from the rest of California who met the other indusion criteria.
Questionnaire data. In 1976, subjects completed the AHS mailed questionnaire, which contained information on current and past dietary habits, parental history of cancer, exercise patterns, use of alcohol and tobacco, occupation, anthropometric data, and history of selected medical conditions (21) . All AHSMOG subjects also completed a mailed respiratory symptoms questionnaire in April 1977. This latter questionnaire contained additional questions on past smoking history, history of exposure to environmental tobacco smoke, occupational history and occupational exposures, lifestyle patterns that might effect exposure to ambient air pollutants (such as hours per week spent outdoors by season), and residence and work location history. These data were updated on survivors in 1987 and 1992. Updated residence and work location histories were obtained from surrogates of deceased study subjects in 1987 and 1992. Air pollution dat Estimates of monthly ambient concentrations of 03 and other air pollutants were formed for study participants for the period 1966-1992 using fixed-site monitoring stations maintained by the California Air Resources Board (CARB). Other air pollutants studied in this report indude particulate matter <10 pm in aerodynamic diameter (PM10), SO2, and NO2.
The methods for estimating ambient air pollutants for study participants have been described earlier (22, 23 (22) .
Concentrations of PMIO through 1987
were estimated using site-and season-specific regressions based on total suspended particulates (TSP) (23) . Since (22) .
Cancer incidence ascertainment program. We ascertained cancer incidence for the cohort from 1 April 1977 to 1 April 1992 using a combination of two methods: 1) computer-assisted record linkage with local and statewide cancer registries and 2) medical records from self-reported hospitalizations. Both were used to ensure as complete a coverage as possible.
We used computer-assisted record linkage with tumor registries to ascertain any cancers occurring in times and areas covered by them (24) (18) . Air Because education and pack-years of past cigarette smoking were modeled as continuous variables, the log-linear assumption was checked by coding each of these as a series of dummy variables and plotting the regression coefficients for the dummy variables and their CIs against the midpoints of the underlying continuous variable. Inspection of these plots indicated that the log-linear assumption was appropriate because straight lines could be drawn through the resultant regression coefficient point estimates or their CIs.
Results
Selected characteristics of the study population and the incident respiratory cancer cases are given in Table 1 . For females, the cases as compared to the noncases tended to be older, had lower educational levels, more years of past cigarette smoking, and increased number of years worked with a smoker. The male cases also tended to be older and have lower education levels than noncases. Male cases also tended to have worked for 10 years or more in occupations having substantial levels of airborne contaminants, consumed more alcoholic beverages, and exercised more.
During follow-up, 36 histologically confirmed lung cancers were diagnosed (20 female, 16 male). The morphologies of the incident lung cancers are given in (Table 4) . For males, all exceedance frequencies of PM1IO were significantly elevated, and regression coefficients increased with higher cutoffs (see Table 4 ). Table  1 ). These occupations have been previously reported and described (19, 61 Another partial explanation could be gender differences in endogenous estrogen levels (65) . Because estrogen is a potent antioxidant of lipids (66) , it may help reduce possible oxidative damage caused by the action of 03 on membrane lipids lining the respiratory tract. Sack et al. (62) observed that the administration ofphysiological levels of 17,-estradiol to postmenopausal women significantly inhibited the oxidation of low density lipoproteins (LDL). In our study only one of the female lung cancers occurred among women identified as premenopausal at baseline. Among postmenopausal women, the effect of 03(100) on lung cancer tended to be stronger among those who had never taken estrogen compared to those who had ever used these hormones. However, these differences were not statistically significant.
The gender differences we have observed for ozone-lung cancer associations are similar to the gender differences observed for adult-onset asthma in this study. Greer et al. (61) found that elevated long-term ambient concentrations of 03 were strongly associated with adult-onset asthma in men (RR = 3.12) but not in women (RR = 0.94).
Dietary Antioxidants
Vitamin C is the major antioxidant present on the airway surface of the lung, where it could be important in protecting against exogenous oxidants such as ambient 03 (68) . Many ecologic, case-control, and cohort studies, and a few clinical trials have shown some benefit of antioxidant supplements on risk of epithelial cancers (69).
Fraser et al. (70Q observed a reduced risk of lung cancer in the main AHS cohort for subjects who consumed fruit at least two times per day (RR = 0.26; CI, 0.10-0.70) compared to subjects who consumed fruit less than three times a week. A protective effect of fruit consumption on lung cancer was not observed in this AHSMOG cohort. This discrepancy in findings may be due to a larger range of fruit intakes in Fraser's report. When we reanalyzed the AHS lung cancer data using similar exclusions as in the AHSMOG study, the protective effect of fruit consumption was weakened (RR = 0.68; CI, 0.32-1.47). The excluded subjects tended to have lower fruit consumption, and it was the lowest category of fruit consumption (e.g., low antioxidant vitamins) that showed increased risk to lung cancer.
We created a crude antioxidant vitamin supplement index (vitamins A, C, and E) based on the food frequency questionnaire administered in 1976. High use of these vitamin supplements was defined as >1,000 mg/week of vitamin C or at least daily use of any dose of vitamin A or at least 200 lU/week of vitamin E. Low use was defined as none of the antioxidant vitamins in the high category. No protective effect was observed in males or females.
Animal Studies
Most of the reports relating 03 and lung/respiratory cancer have been done in carefully controlled animal studies (71) . Borek et al. (72, 73) found that treatment of hamster embryo and mouse cells with 5,000 ppb of 03 for 5 min resulted in cell transformation and concluded that 03 is a cocarcinogen. (4, 351) aSubjects whose accumulated data for specified ambient pollutant exceeded 20% missing data for the time period 1973-1992 (or date of censoring} were excluded.
Even at near-ambient concentrations (100-500 ppb), 03 induces morphologic changes in all parts of the respiratory tract in animals and is potentially tumorigenic (74) .
Other studies on mice have reported K-ras mutations in lung neoplasms in mice exposed to 03, indicating mutations in ozone-induced bronchioloalveolar adenomas and carcinomas (75) . (78, 79) . Li and Richters (80) investigated subpopulations of thymocytes and spleen T lymphocytes in mice, and their findings suggested that short-term 03 inhalation can affect the T-cell immune system adversely, particularly the CD4+ cells. T-cell-dependent immune responses form an important component of the lung defense to respiratory infections and possibly also to neoplasms (81, 82 (85) . A summarization of the literature by the EPA regarding the human health effects associated with acid aerosol exposures concluded that chronic acid aerosol exposures may promote lung cancer at high concentrations, possibly by chronic irritation of the lining of the respiratory tract or by decreasing the clearance rates in the lungs (86) . The data referenced in this report also suggest that ambient particulate exposure may be associated with increased morbidity and mortality at PM concentrations below those previously thought to affect human health (86 (22) . Quality grades were assigned to all interpolations used in our study (22) . When the RR of lung cancer as associated with 03(100) was reevaluated in only the 1,751 males for whom 80% of months were "A" or "B" quality data (within 20 miles of a monitoring station), it was found to be 3.05 (CI, 1.14-8.17). There 
